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A PHOTODIODE 

The present invention relates to a photodiode and, In particular, a photodiode 
fabricated so as to sense optical signals of a selected wavelength or 
wavelength band. 

Discrete silicon based p-i-n photodiodes are used in the opto-electronics 
industry- Their efficiency is greatest in the wavelength region 0.6-0.8 microns 
which corresponds to the energy band-gap of silicon. 

Silicon based optical circuits are now being produced and these require 
photodiodes for sensing optical signals within the circuits. To date, such 
photodiodes have been formed of other materials, e.g. InGaAs/Ge, which are 
capable of sensing the wavelengths of 1 .3 and 1 .5 microns commonly used in 
opto-communication devices and/or are of such a construction that the diode 
has to be hybridised with the silicon circuits, i.e. mounted thereon as a 
separate component. 

The present invention provides an alternative form of photodiode for use in 
optical circuits. 

According to a first aspect of the invention, there is provided a photodiode 
comprising a p-i-n diode formed in a semiconductor substrate having an 
energy band , gap the magnitude of which corresponds to absorption of 
photons of a first wavelength, the photodiode comprising a substantially 
intrinsic region formed in said semiconductor substrate betvyeen p- and n- 
doped regions, the intrinsic region being modified to introduce deep band gap 
levels therein so as to provide at least partial absorption of photons of an 
optical signal of a selected wavelength or wavelength band greater than said 
first wavelength and thus generate an electrical signal across the p-i-n diode 
indicative of said optical signal. 



Preferably, the semiconductor substrate is silicon in which base the 
phdtodiode can be Integrated within a silicon-based integrated optical circuit. 
The need to hybridise photodiodes made of other semiconductor materials 
onto a silicon substrate is thus avoided. 

Preferably, the deep band gap levels are provided by ion implantation as this 
method allows precise control of the depth and concentration of the deep 
band gap states so the wavelength and amount of light absorbed can be 
tightly controlled. 

Other prefen-ed and optional features of the invention will be apparent from 
the following description and from the subsidiary claims of the specification. 

Deep band gap states referred to herein are states between the valence band 
and conduction band of the semiconductor material but spaced therefrom by a 
sufficient energy gap such that thermal excitation of electrons from the 
valence band to the deep band gap state or from the deep band gap state to 
the conductive band is small (so the dark current of the device is low). It will 
be appreciated that the magnitude of this energy gap will depend upon the 
temperature of the device, and, whilst the present Invention is not limited to 
temperature, it is primarily directed towards devices designed to operate in the 
temperature range of 0 to 100 degrees Centigrade. 

The invention will now be further described, merely by way of example, with 
reference to the accompanying drawings, in whlch:- 

Figure 1 is a schematic, cross-sectional view of a photodiode according to one 
embodiment of the invention; 



Figure 2 is a band-gap diagram illustrating the operation of a photodiode such 
as that shown in Figure 1 ; and 




Figures 3A to 3F illustrates steps In a preferred method of fabricating a 
photodlode such as that shown in Figure 1 . 

Figure 1 shows a schematic, cross-sectional view of a p-l-n photodlode- 
formed In a silicon substrate. In the example shown, the silicon substrate 
comprises a silicon-on-insulator chip having a silicon light conducting layer 1 
separated from a substrate 2, which Is also typically of silicon, by a light 
confining layer 3, e.g. of silicon dioxide. 

A rib 4 is formed In the silicon layer 1 so as to form a rib waveguide therein. 
The approximate position of the optical mode within this waveguide is 
illustrated by the dashed line 5. 

Recesses 1A and 1B are preferably formed in the silicon layer 1 and n- and p- 
doped regions 6 and 7 formed In the silicon layer 1 by doping through these 
recesses. Electrical contacts 8 and 9 connect the n- and p- doped regions to 
an electrical circuit 10 arranged to provide a reverse bias between the n- and 
p- doped regions. 

Other doping arrangements are possible, e.g. without the recesses 1A and 1B 
(see Figure 3) or side-doped arrangements as described In WO 00/1 0039. 

The layer 1 of silicon between the n- and p-doped regions is substantially 
intrinsic so this arrangement fomis a p-l-n diode across the rib waveguide. 
However, the intrinsic region is modified to Introduce deep band gap levels 
therein as Indicated by the Xs in region 11 of Figure 1. These levels can be 
excited by sub-band-gap photons so producing free charge carriers and thus 
a measurable electrical signal in the circuit 10 upon application of a voltage 
across the p-i-n diode. 

Deep band gap levels can be introduced by Ion implantation which can give 
rise to free charge carriers In several ways: 



(I) Ion implantation and subsequent activation by heat treatment of deep- 
level impurities, e.g. gold, oxygen or carbon atoms. The heat treatment 
typically involves heating to 650-1000 degrees C for several seconds. 
The impurity atoms occupy sites in the crystal fattice and the electrons 
associated therewith form the deep band gap states. The heat 
treatment re-crystallises the silicon to repair the damage caused by the 
Implantation of the impurities. 

(ii) Ion Implantatloh Induced deifects in doped material, the defects 
resulting fiiom the implantation of non-dopant atoms such as silicon, 
helium or hydrogen. Charge caniers will be trapped in the deep-gap 
defect states and released to the conduction band upon illumination by 
light of the appropriate wavelength. 

(Ill) ion implantation induced defects (in the crystalline structure) in the 
intrinsic material. In this case, charge carriers may be excited into the 
deep-gap states upon illumination by light of the appropriate 
wavelength and then undergo "hopping" conduction from defect to 
defect. 

The formation of deep band gap levels and the mechanisms by which they 
give rise to free change earners are known so need not be described In 
greater detail. 

As discussed above, deep band gap levels produced by each of these 
methods should be deep enough to provide a low dark-current, i.e. no signal 
or only a very low signal is produced when the defects are not illuminated as 
thermal excitation of carriers is too low to produce enough free charge carriers 
to give rise to a significant electrical cun-ent. 




The use of ion implantation to form tlie deep band gap levels allows precise 
contror of their depth and concentration so the amount of light absorbed can 
be tightly controlled. In the illustrated example, the deep band gap levels are 
formed at a depth which corresponds with the location of the optical mode 5 
so as to maximise the interaction therewith. However, in other arrangements 
the deep band gap levels may be located so as to interact with only part of the 
optical mode. 

Figure 2 is a band-gap diagram illustrating operation of the device. The lines 
.20 and 21 represent the energy levels of the band gap from the p-doped 
region to the n-doped region when the p-i-n diode is under reverse bias. The 
Xs again represent the deep band gap levels and are located in the intrinsic 
region between the band-gap energy levels. Charge carriers absorbing 
incoming photons (indicated by hv) can be excited from the lower energy level 
20 to the deep-sub-band-gap levels as indicated by vertical arrow 22A and 
then take part in hopping conduction. Alternatively, carriers absorbing 
incoming photons can be excited from the deep-sub-band-gap levels to the 
upper energy level 21 as indicated by vertical arrow 22B. 

A p-i-n photodiode such as that described in relation to Figure 1 can be 
Integrated with an optical circuit fomied on the silicon-on-insulator chip thus 
avoiding the need to hybridise a photodiode onto the silicon chip. 

Figures 3A-3F illustrate a method by which a photodiode such as that 
described above may be fabricated. 

Figure 3A illustrates a rib 4 etched in the silicon layer 1 of a silicon-on- 
insulator chip. 

Figure SB shows the formation of p-and n-doped regions 6 and 7 by 
conventional doping techniques. 



A mask 30, e.g. of silicon dioxide is then formed over the device and a window 
31 formed in the mask to expose the upper surface of rib 4 as shown in Figure 
3C. 

Figure 3D illustrates the ion implantation step through the window 31 in the 
mask 30. Ions such as Si*, He* or H* may be implanted to create damage in 
the crystalline silicon layer 1. Such damage In turn creates deep-sub-band- 
gap states allowing subsequent detection of deep-sub-band-gap light as 
described by mechanisms (il) and (ill) above. Alternatively, ions such as Au*, 
O* or C* may be Implanted. These ions, once electrically activated create 
deep-sub-band-gap states allowing subsequent detection of deep-sub-band- 
gap light as described in mechanism (I) above. 

The mask 30 is then removed and the device thermally treated to either 
engineer the defect structure (in the case of, e.g., Si*, He* or H* implantation) 
or electrically activate the deep electrical dopants (in the case of, e.g., Au*, C* 
or O* implantation). In the case of defect engineering, this typically involves 
heat treatment at temperatures between 25 and 800 degrees C for several 
seconds. In the case of electrical activation, this will typically involve heat 
treatment at temperatures between 650 and 1000 degrees C for several 
minutes. The deep^sub-band gap defects thus produced are indicated by Xs 
in Figure 3E. 

Finally, electrical contacts 8 and 9 are formed and the device connected to an 
electrical circuit 10 as shown In figure 3F. 

As discussed above, when an optical signal of a selected wavelength or 
wavelength band, in this case the 1.3 and 1.5 micron bands commonly used 
in opto-communication applications, is transmitted along the rib waveguide an 
electrical signal is generated by charge carriers moving either to or from the 
deep-sub-barid-gap levels either to or from the conduction valance bands as 
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illustrated In Figure 2 which can be detected by the electrical circuit 10 to 
fjrovide an output Indicative of said optical signal. 

A photodiode capable of detecting photons of a wavelength greater than that 
corresponding to the band gap of silicon can thus be provided by forming 
defects in the intrinsic region of a p-i-n photodiode and engineering these 
defects to provide deep-sub-band-gap levels In the intrinsic region. 

The deep-sub-band-gap levels may be fomned in various ways. As mentioned 
above, this may comprise the Introduction of electrical Impurities such as gold, 
oxygen or carbon atoms. Or it may comprise forming defects in the silicon 
itself, e.g. caused by the Implantation or bombardment of the silicon by 
hydrogen, helium or silicon atoms. 

Other geometric anangements of the p-l-n photodiode structure may also be 
used. Figure 1 Illustrates a lateral p-i-n photodiode fonned across a rib 
waveguide. A vertical p-i-n structure may also be used, e.g. by forming p- 
doped regions on each side of the waveguide and an n-doped region on the 
top of the rib of the waveguide, or vice versa. In some cases, a longitudinal 
p-i-n diode may also be used. 

The p-i-n photodiode structure may also be used in relation to other types of 
waveguide or In any an-angement In which the light to be sensed is incident 
thereon, e.g. at the end of a waveguide or on an area of the chip exposed to . 
an external light source or within a resonant cavity. 

The dimensions of the rib waveguide are typically in the range of 2-20 
microns. The charge earners generated within the photodiode therefore only 
need to be swept over relatively short distance, e.g. 10 microns or less or 
preferably 5 microns or less, before being detected by the p- or n-doped 
regions. 



The deep-sub-band gap levels may also be formed at any position or 
"positions within the ihtrinsfc region. For instance, instead of being centrally 
located as shown in Figure 3F they may be located either side of the region, 
e.g. in the slab regions between the rib 4 and the doped regions 6 and 7. 

The nature of the arrangements described above also allow the photodiode to 
be fabricated easily and extremely accurately and for its properties to be 
carefully tailored to suit the application. The energy levels of the deep band 
gap levels can be accurately detemiined as well as their location within the 
device. 

Also, whilst the invention has been described above in relation to the p-i-n 
'photo-diode formed in silicon, the invention can also be applied to other 
semiconductor material in which deep band gap levels can be introduced to 
enable wavelengths longer than that associated with the band gap of the 
material to be detected. 

Further aspects of the photodiode described herein are described and claimed 

in the applicant's co-pending application GB. entitled "A Light 

Sensor" filed on the same day as this application and the disclosure thereof is 
incorporated herein. 
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CLAIMS 



1. A photodiode comprising a p-i-n diode formed in a semiconductor 
substrate having an energy band gap the magnitude of which 
corresponds to absorption of photons of a first wavelength, the 
photodiode comprising a substantially intrinsic region in said 
semiconductor substrate between p- and n-doped regions, the intrinsic 
region being modified to introduce deep band gap levels therein so as 
to provide at least partial absorption of photons of an optical signal of a 
selected wavelength or wavelength band greater than said first 
wavelength and thus generate an electrical signal across the p-i-n 
diode Indicative of said optical signal. 

2. A photodiode as claimed in Claim 1 in which the intrinsic region is 
modified by ion Implantation. 

3. A photodiode as claimed in Claim 1 or 2 in which the modification 
comprises defects in the intrinsic region. 

4. A photodiode as claimed in Claim 3 in which the defects comprise 
defects in the crystalline structure of the intrinsic region itself. 

5. A photodiode as claimed in Claim 3 or 4 In which the defects comprise 
elemental impurities. 

6. A photodiode as claimed in any preceding claim In which the intrinsic 
region forms part of a waveguide. 



7. 



A photodiode as claimed In Claim 6 in which the deep band gap levels 
are located so as to maximise their interaction with light transmitted 
along the waveguide. 
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. S; A photodiode as claimed in Claim 6 or 7 In which the waveguide Is a rib 
waveguide. 

9. A photodiode as claimed in Claim 8 in which the p-and n-doped regions 
are formed on opposite sides of the rib waveguide. 

10. A photodiode as claimed in Claim 8 in which the p-doped region is 
formed on one side or both side of the rib waveguide and the n-doped 
region on top of the rib waveguide, or vice versa. 

11. A photodiode as claimed In any preceding claim in which the substrate 
Is silicon. 

12. A photodiode as claimed in Claim 1 1 in which the substrate Is a silicon- 
on-insulator chip. 

13. A photodiode as claimed in any preceding claim in which the selected 
wavelength band is around 1 .3 or 1 .5 microns. 

14. A method of fabricating a photodiode comprising the steps of: 

forming p-and n-doped regions in a substrate having an energy band 
gap the magnitude of which corresponds to absorption of photons of a 
first wavelength with a substantially Intrinsic region therebetween; 

modifying the Intrinsic region to introduce deep band gap levels therein 
so as to provide at least partial absorptions of photons of selected 
wavelength or wavelength band greater than said first wavelength. 



15. 



A method as claimed in Claim 14 in which the modifying of the intrinsic 
region is by ion implantation. 



1'6". A method as claimed in daim 15 in wliich one or more of the following 
species is implanted: gold, oxygen, carbon, hydrogen, helium, and 
silicon atoms. 

1 7. A photodiode substantially as thereinbefore described with reference to 
and/or as shown in one or more of the accompanying drawings. ' 

18. A method of fabricating a photodiode substantially as hereinbefore 
described. 
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